Abstract. Ground Penetrating Radar (GPR) is a remote-sensing technique widely applied in archaeology, engineering and environmental sciences. It is a non-invasive geophysical method which uses electromagnetic pulses to create an "image" of the shallow subsurface. In recent years, GPR gained popularity in forestry, thanks to its application in water content estimation, root stress evaluation, root biomass modelling, and roots location. In this paper we present the results of two radar surveys aimed at reconstructing the geometric features of root systems buried at shallow subsurface, thanks to a multiprofile data acquisition and to the use of a three-dimensional software package. Our results show the potentiality of this approach as a reconnaissance method before performing any destructive test.
Introduction
Schowengerdt (2007) describes Remote Sensing as an attempt to measure something "at distance", i.e. without any "contact with the target", by means of some propagating signal. All geophysical methods can be considered, in general, Remote Sensing techniques, being able to remotely measure "the contrast" between the physical properties of the background and the target under investigation. Very few of those, however, are able to produce a full image of the subsurface, where the geometry and the position in space of the buried objects can be clearly determined. Ground Penetrating Radar (GPR) fulfils rather well these requirements, being capable to produce a detailed map of the subsurface using radio waves generated just above the ground surface (Jol, 2009; Daniels, 2004; Annan 2004 ). The interaction between the electromagnetic waves and the buried targets, produces an electromagnetic image similar to ultrasound images used in diagnostic medicine.
The main advantage of GPR is its capability to detect, in a non-destructive way, the vertical and horizontal dielectric anomalies associated with natural or manmade subsurface variability like: lithology, water content and bulk density changes, voids or buried objects, liquid or solid waste disposal, etc.
For this reason, GPR has been widely used in archaeology, engineering, hydrogeology, environmental sciences, and recently has also been applied in forestry, with different applications as root detection, root damages in urban context, root biomass evaluation, carbon allocation, water content variations, analyses on standing tree stems, control of the tree growth, as shown in Barton The potential use of GPR in forestry becomes even more evident if we take into account that to study the relationships between vegetation and the urban environments, or to estimate the biomass of tree roots, the traditional investigations are carried out in a very invasive way. In fact, soil and roots are usually sampled throughout cores, pits, or trenches, and the roots are collected, sieved, washed dried, and weighted, e.g. Butnor et al. 2001; Butnor et al. 2003 . This method is destructive, labour-intensive, and not very useful to measure the lateral extent of a root system. Conversely, GPR is capable to map in a pseudo-3D fashion, with high vertical and horizontal resolution, the root system architecture, reducing the amount of root samples needed for quantitative analysis.
In this work, we show some examples of GPR surveys aimed at detecting and reconstructing the spatial distribution of the root system in different locations and soil conditions.
The GPR technique
GPR is a geophysical method which uses electromagnetic (em) waves, typically in the frequency range 10-3000 MHz, to image structures and features buried in the ground. The physical principle of GPR detection, is based on the dielectric contrast between the buried target and the background material. Such a contrast can be produced in several ways: by spatial changes in the physical-chemical property of the sediments or the soil, changes in water content and bulk density of the material, or even by the presence of different objects in the subsoil like voids, rocks and boulders, wood, or manmade materials like metal and plastic targets. In general, if there is a detectable contrast between different subsurface objects, this can generate strong signal reflections which can be clearly identified on a GPR image (Annan, 2004; and Jol, 2009 ).
The equipment used in all GPR systems consists of four main elements: a transmitting unit; a receiving unit; a control unit; and a display unit. The transmitter produces a short duration, high voltage pulse. This pulse is applied to the transmitting antenna (Tx), which radiates it into the ground. The receiving antenna (Rx) collects the signals coming from the material under investigation, which are amplified and formatted for display, by the control unit, as depicted in Fig. 1 .
The radar measures the signal amplitude vs. time (two-way travel time), for each position of the Tx-Rx on the ground. The data are collected moving the Tx-Rx system along a profile, so that a bi-dimensional radar cross-section having the two-way travel time on the Y axis and the antennas position on the X axis is obtained for each collected profile. To estimate the depth of the target (i.e. to convert time in depth) a simple calibration technique can be used, as illustrated in Annan, 2004 , even though in complicated subsurface scenarios more refine algorithms should be applied, (Annan, 2004; and Jol, 2009 electromagnetic properties of the soil, which can be frequency-dependent quantities. In particular, in common geo-materials the maximum investigation depth decreases rapidly with increasing frequency due to the signal attenuation; this explain why almost all subsurface radar systems operate at frequencies lower than 3 GHz. The antenna frequency also affects the vertical and the horizontal resolution achievable in a GPR image. The shorter is the time pulse width (i.e. the higher is the antenna frequency) , the higher is the resolution. In order to obtain a XY image of the subsurface, the radar data should be collected in multi-profile mode, where the profiles are acquired parallel to each other, at a fixed distance. This technique allows to create XY time (or depth) slices, in which the lateral geometry of the targets can be identified, i.e. Jol 2009. A further processing of the data collected on a XY grid, allows a pseudo-3D visualization of the subsurface, throughout the countering of the anomalies generated by the electromagnetic contrast between the target and the background material. The final results is a three-dimensional representation of the subsurface using the isosurfaces to display a surface of constant data value in three dimensions .
Case studies for subsurface roots detection
In the following, we present two examples of radar investigations aimed at mapping the root system, performed in Rome The first case study reported here, is a GPR survey collected in the San Sebastiano Park (Rome, Italy) originally planned for archaeological purposes. Indeed, the correct detection of tree roots in archaeological areas is of paramount importance to distinguish between natural and manmade targets, and to define to what extent a root system has "invaded" the ruins present at shallow depth. The area (40x10m) was investigated using a bistatic GPR system ( Fig.2A) , equipped with 250 MHz antennas (PulseEkko Pro by Sensors & Software, Inc). The survey was performed acquiring a multi-profile Y grid, (for a total of 20 parallel lines) with a line spacing of 0.50m and a step-size of 0.05m. The second case illustrates the results of a GPR survey carried out inside the cloister of the Physics Department of the University of Roma Tre. The work was aimed at detecting the buried residual roots, still present in an area where a big tree was previously removed. Figure 3A shows the bistatic 500 MHz Noggin Plus GPR system (Sensors & Software, Inc) used for the measurements. The area (14x12m) was investigated collecting a multi-profile Y grid (for a total of 26 parallel lines) with a line spacing of 0.50m and a step-size of 0.02m. .2B depicts the radar map relevant to site 1, showing a 2D depth slice (at about 0.5m) obtained interpolating the radar data collected on the single lines, using a pulse velocity in the soil of v=0.082m/ns (estimated using the hyperbola calibration technique). The superposition of the radar map to the photo of the investigated area (Fig. 2C) , allows to correctly locate the elongated anomalies detected by the radar, and to relate those with the tree root system architecture. The geometry of the roots is better visible if a pseudo-3D representation is used, as shown in Fig. 2D . In fact, if the data quality is high, and the radar anomalies are well visible also at depth (as in the case study presented here), the XYZ data volume reconstruction can be useful to better identify the target orientation, dimension and shape.
The second radar map (Fig.3B) depicts the results of the survey collected at Roma Tre University. The depth slice, superimposed to the photo of the investigated area (Fig.  3C) , clearly shows various anomalies present in the subsoil due to pipes or other targets buried when the yard was built. In particular, Fig.3D shows the presence of an elongated anomaly, located near the position of the removed tree at a depth of about Figure 3A shows the 500 MHz GPR used during the investigation; Figure 3B illustrates the amplitude 2D map (about 0.60m depth) of the GPR anomalies; in Figure 3C it is evident the previous position of the removed tree and the GPR anomaly; in Figure 3D the overlap clarifies the correlation between the GPR anomalies and the remain roots in the subsurface; in Figure 3E there is the pseudo-3D reconstruction of the remain root. (Fig.3E) , the geometric features, i.e. orientation, shape and size, are much better defined, generating a more accurate reconstruction of the buried targets.
Final considerations
In this technical advance we have discussed the potentials of Ground Penetrating Radar as remote-sensing technique applied to forestry. The non-invasive nature of this geophysical method makes it appealing in all those applications where the common techniques used require the destruction of the samples. GPR is capable to create an electromagnetic image of the targets buried in the soil, allowing a detailed 3D reconstruction of their position and form. This is particularly important in roots system architecture study, where the alternative is the excavation or coring of the roots. Moreover, a part from very conductive soils, where the attenuation drastically reduces the maximum penetration depth of the radar pulses, this method can be successfully applied to every type of material from snow and ice to asphalt or dry sand. It is important to notice, however, that this technique is not able per se to define the nature of the object, e.g. metal, wood or rock, but can still be used as a reconnaissance method before performing any destructive test.
Another important advantage of this type of technique is its fast real-time acquisition, which allow to create a very large georeferenced (using a D-GPS) data volume. This aspect is particularly important for long term monitoring, where the evolution and development of the root system should be followed for months or years. Besides the capability to produce detailed maps of the subsurface, GPR can also be used to quantitatively estimate the water content in the soil or in the tree trunks, as well as to detect the presence of defects or voids in the wood. Moreover, the flexibility and reliability of the method permit a wide use in urban and rural environments, to address different problems like, tree protection during constructions, tree selection and landscape plan review, GIS compatible tree inventories, street tree management plans, plant health care planning and hazard evaluations.
Finally, some considerations should be made on the economic value of this type of technique: the moderate cost of the equipment with respect to those used to excavate or drill the soil, together with the fast acquisition time in large areas, make GPR quite competitive for forestry applications.
